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1I INTRODUCTION
1 Value of the Wehnelt Cathode.- The dark space in front of
the cathode is deficient in negative ions. If by some convenient
method they can bo introduced into this space, the fall of potential
across it will be made much lower and the working of the cathode will
be facilitated. Wehnelt'' introduced them by placing a small patch of
lime on the platinum cathode and heating it while a discharge voltage
was connected to the two electrodes. He thought that this hot lime
cathode could be used as a valve on a lo\v voltage (110 to 220 volts)
alternating current, letting only one half of the current pass. By
bringing the anode close to the cathode, the positive column is eli-
minated and v/e have only the anode drop of 20 volts, thus a discharge
can be sent through the tube. With the high limiting current obtainec
by using hot oxides of the alkaline earths on the platinum strip, much
stronger currents can be sent through the tube than otherwise, and,
with a potential drop along the positive column of one or two volts
per centimeter and a zero or very small drop over the dark space a
discharge can be sent through a fairly long tube with 110 to 220
volts
.
By using a small disc of lime on a narrow strip of platinum,
the dischiarge all takes place through this disc and a compact beam,
which may be seen if the room is fairly dark, is obtained. This beam
can be deflected by an electrostatic field perpendicular to its path,
and may also be bent into a circular form by a uniform magnetic field.
The plane of the circle is at right angles to both the direction of
the undeflected beam and the magnetic field. These effects allow the
values of e/m and the velocity v to be determined, where e is the
1 A. Wehnelt, Phil. Mag., Vol. 10, p. go, July, 1 905
.
2 Log. cit.
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charge on an electron and m its mass. The value e/m remains constant
but the velocity v increases as the cathode drop increases. This ma
be increased by making the current larger than the limiting current.
2 Behavior.- The behavior of the Wehnelt cathode is very er-
ratic and it has usually been found to lose its efficiency with con-
tinued use. It is difficult to get the discharge to pass at first;
making either the temperature or the discharge voltage higher will
aid, however the former often causes trouble by the fusion of the
platinum strip. Willows and Picton^ found that the best way to start
the discharge is to use an induction coil, however after once start-
ing it is often irregular for some time.
II HISTORICAL
A Apparatus and Conditions
1 Materials used as cathodes.- Various materials have been
tested as to their value as limes for the cathode. Wehnelt^ investi-
gated the discharge of negative electricity from various metallic
oxides including Nernst bur-ners. The oxides used were those of
(1) bariuir., calcium, strontium, magnesium, zinc, cadmium, yttrum,
lanthanum, zirconium, thorium; (2) beryllium, aluminium, thallium,
titanium, cerium, iron, nickel, cobalt, ctiromiiim, uranium, tin, lead,
bismuth, silver, and copper. They were supported by clean platinum
wires of the same length and thickness which were arranged along the
axis of a brass cylinder and the whole was placed inside a glass tube
He found that the oxides of the metals of the second group gave very
little if any greater discharge of negative ions than pure platinum,
but that the oxides of the first group gave a discharge considerably
3 Willows and Picton, Phys
. Soc. London Pro., p. 257, June, 1911.
4 Log. cit.

in excesB of that of platiriurc alone and the oxides of calcium,bariiiin,
and strontium gave an abnormally large discharge of negative electri-
city. V/illows and Picton^used the oxides of the alkaline earths,
usually calciumoxide, placed on a platinum or nickel strip by smear-
ing on as a paste or by heating. The nickel strip fused more easily
than the platinum but it gave a visible discharge with greater ease.
The sign of the electrification depends upon the metals used and also
upon the class of the salt; the phosphates give off an excess of posi-
tive electricity when heated, the chlorides give off positive but not
BO copiously as the phosphates, the nitrates give off positive at
first but later become changed into oxides and then give off an excesj
of negative ions, the oxides, especially those of calcium, barium, and
strontium emit a large excess of negative ions^. In the case of alu-
minium phosphate, Garrett^ could not at first find any evidence of
negative ions but proved that there Bhould be about one half of one
per cent as many negative as positive^^ ^and afterwards succeeded
experimentally in finding them.
2 Apparatus and methods used.- Different forms of apparatus
and methods of procedure have been used for detecting electrons. The
effects due to physical changes have been fairly well separated from
those due to chemical changes^. The effects due to chemical changes
should vary with the materials used but be independent of the method
employed, while those due to physical changes should depend upon the
method and not be effected by the kind of materials used.
5 Vv'illows and Picton, Lop . cit.
6 J. J. Thomson, Pro. Camb. Phil. Soc, Vol. XIV, p. 105, 1906.
7 Garrett, Phil. Mag., Vol. XX, p. 573, Oct. I9IO.
S 0. W. Richardson, Phil. Mag., Vol. XXII, p. 669, Nov., I91I.

Q ^Wehnelt^ used a spherical flask for the discharge tube, the ca-
thode was a platiniur, wire heated by an alternating oiarrent and the an-
ode was an aluminium wire. The temperature was obtained by means ofplatinum
a/) platinum- rhodium thermo-couple. Richardson used both the tube and
the strip methods, the tube method did not give such a decay in ioni-
zation as when the cathode was a narrow strip of platinum with a disc
of lime on it. Sheard^^ used tubes with platinum gauze for one elec-
trode and platinum wire for the other. Fig. 1, The tube A in Sheard* e
apparatus contained the salt, while B was unsalted. He heated the
tube in an electric oven. The tubes were cleaned first with nitric
and sulphuric acids, then alcohol and ether mixtures, and finally witl
distilled water, and thoroughly dried before using. The tube used by
Willows and Picton'''' was similar to that used later by Garrett, Fig. 2.
A is a vertical section. B is a horizontal section (the tube having
ground joint at XX). C is the platinum electrode which is heated bj
a current tlirough the lead wires I and D. The temperature is obtainec
by means of a thermo-couple, F, G, fused to the center of the platinur
strip. C is connected to the negative pole of a battery with the de-
sired potential, and the positive pole of the battery is connected
through a galvanometer with the altlminium disc E. J and K are metal
tubes soldered to I and D and joined to the glass tubes by air tight
wax joints at the points H. This arrangem.ent was necessary because
when the glass tubes were joined to I and D with wax joints the heat-
ing current through the heavy copper wires caused them to become warm
enough to melt the wax.
9 Log. cit.
10 Charles Sheard, Phil. Mag., Vol. XXV, p. 370, March, 1913
11 Willows and Picton, also Garrett, Loo. cit.
i
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3 Electrodes in Flames. ~ Willows and Picton studied the fa-
tigue of the hot lime cathode in flames by placing it in a Meker
burner. The negative ions were driven on a blank electrode which was
connected through a galvanometer to earth. The initial current fell
in 10 minutes to one tenth of its value and remained more or less
steady for the rest of the day. The next day it had completely re-
covered and went thjrough the same changes as on the first day. It
has been suggested in France that this electrode in flames could be
used as a detector of waves. The large initial current is similar to
that obtained in tubes with the gas at higher pressures. It was
thought that this might be due to the oxide on the electrode uniting
with carbon dioxide to form carbonate. To see if this were true the
electrode was kept on successive nights in air freed from carbon mon-
oxide, hydrogen, and carbon dioxide. In each instance the results the
next day v^ere no different from those previously obtained.
4 Effect of moisture.- The lime should be thoroughly dried on
the platinum before it is placed in the tube because the moisture
seems to effect the emission of ions^ making the number given off at
the beginning excessive. Apparently it produces or causes to be pro-
duced in the platinum something favorable to the production of ions.^'
This is confined to the surface because the effect soon disappears.
In the case of the emission of positive ions if the platinum is heat-
ed, then placed in a saturated atmosphere to cool and afterv.ards
placed in a dry atm.osphere, results are obtained the same as from a
moist cathode.
5 Potential difference used to pass the discharge.- Wehnelt se-
cured any desired potential difference between the electrodes in the
12 W. Wilson, Phil. Mag., Vol. XXI, p. 634, May, 1 91 1
•
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tube by connecting one electrode to the negative pole of a battery,
the other electrode through a galvanometer to earth, and the other
pole of the battery to earth. He used a constant potential of 1000
volts. Vvillows and Picton found that 36 volts was sufficient to pass
the discharge, 20 volts being the saturation voltage.
B Results
1 Effect of the pressure of the gases in the tube.- The effect
upon the negative current of various pressures has been studied. The
current from hot wires does not vary much when the pressure is of the
value -L to J-^ millimeter of mercury^ ^. Sheard used .4 centimeter
25 240
pressure. Willows and Picton used pressures ranging from .002 milli-
meter and up, to pressures greater than 0.5 millimeter. Wehnelt says
that the results are independent of the pressure up to about 1 milli-
meter. No one mentions using pressures which may be obtained by use
of a charcoal bulb and liquid air.
2 Temperature of the cathode and its effect.- The temperature
of the hot cathode may be obtained by using a the rrao- Junction fueed
to the middle of the platinum strip. Garrett determined the tempera-
ture given by the thermo- junct ion by finding what it v^as when a tiny
particle of potassium sulphate just melted on the foil and then using
Callendar's curves. Wehnelt, using calcium oxide, barium oxide, and
strontium oxide as salts on the electrode, found the relation between
the temperature and the negative current to be approximately the same
in each case. The results did not correspond exactly because the
coating of oxide on the platinum wires could not be made perfectly
uniform. Richardson*B formula''^, which was first worked out by
13 J. A. McClelland, Pro. Cam. Phil. Soc, Vol. II, p. 296, 1902.
14 0. W. Richardson, Proc . Cam. Phil. Soc, Vol. II, p. 2^6, 1902.

7J. J. Thomson, applies to the relation between the saturation current
and the temperature of the hot platinum for both positive and negative
ions. This formula,
I = AO^e"^,
probably always holds if the chemical nature of the source of ioni-
zation is unaffected by changes in the temperature of the platinum.
The curves for lower temperatures are better than those for high tem-
peratures because not so much gas is given off the hot cathode. In
this formula, I equals the saturation current, £ is the absolute tem-
perature, £ is a measure of the energy associated with the liberation
of an ion, and A is a constant. For temperatures below 1450 degrees
more positive than negative ions are emitted by hot platinum using
1000 volts potential difference, above this tem.perature more negative
than positive ions are given off. This effect is more marked with an
oxide coated wire, and such a wire emits many more ions for any given
temperature than pure platinum. Small fluctuations in the heating
current produce large fluctuations in the current from the cathode ''3.
This is due to the cathode evolving gas freely when heated.
The limiting current is much larger at high than at low tempera-
tures; this causes the walls of the tube to become hot, and the gases
from
given off/^the glass cause the pressure to be no longer constant. The
pressure becomes almost 1 millimeter and conditions are no longer fa-
vorable to the obtaining of reliable results. The current density is
very large at high temperatures.
5 Limiting current.- With oxides at very high temperatures, thci
limiting current density has a vt lue of several amperes per unit area
(square centimeter). If negative ions or electrons are introduced
15 G. T. Knipp, Phil. Mag., Vol. XXII, p. 926, Dec. 1911.
i
into the cathode dark space the potential difference will be lowered.
Now suppose a current is sent through the tube, some of these cor-
puscles will be absorbed and the cathode drop will increase. If more
electrons are introduced the potential difference will again be low-
ered. Finally a point is reached where as many electrons are absorbec
as are given out per unit time, the cathode drop is then zero. If th(
current is increased, more corpuscles are absorbed than are given out
and the potential difference increases. The limiting current is that
current for which the absorption of electrons just ceases to be equal
to their generation by the oxides. Immediately beyond this point the
absorption of electrons begins to gain on the emission and the poten-
tial drop rapidly increases. The value of the limiting current is
different for each temperature and increases with an increase in tem-
perature. It is almost the same for calciuraoxide , barii^m oxide, and
strontium oxide. It should depend on the number of electrons emitted
by the oxide, this depends on the saturation current, therefore the
limiting current should be proportional to the saturation current.
Wehnelt found this to be true.
4 Saturation voltage.- Garrett found ttiat the saturation curve
for negative ions from aluminium phosphate was quite smooth and that
there was no indication of saturation below 220 volts. There was no
sign of any increase in the current when the voltage was raised from
200 to 636 volts. Wehnelt did not obtain any good saturation curves
at atmospheric pressure either with pure platinum or v/ith platinum
covered with oxide. At pressures less than .1 millim-eter he obtained
well-defined curves which were independent of the pressure. Above
«1 millimeter the curves were not well-marked and were dependent upon
the presBure because the ionization occured by ionic impact. Willows
and Picton found the saturation voltage under the conditions v;ith

which they worked to be 20 volts.
5 Alteration of the cathode current vrith time.- The Wehnelt
cathode is said to lose its efficiency with time. Willows and Picton
using a platinum strip, a pressure of .002 millimeter and up, a vol-
tage of 36 (which was greater than the saturation voltage), and a tem-
perature of 1100 degrees Centigrade, foiond that, neglecting the ini-
tial irregularities, there was a slow and steady increase in the cur-
rent for tv;o hours and a steady state for the next five or six hours.
After standing cold over night the initial current the next day was
greater than it was the first and the final value was also greater
than that for the preceding day. This continued until currents nine
times as great as those the first day were obtained. Thus an increase
rather than a decrease was found. Som,e of the values which they ob-
tained m^y be of interest. Febrimry 24, initial current gave a de-
flection of 50 divisions of the galvanometer; after 6 hours heating
the current was 13O; February 25, initial current 60 ; after 6 hours
heating the current was 370; lAay 1 after 6 hours it was 460. Vvhen
a nickel strip was used with a voltage of 36, the current rose rapid-
ly, decreased, and came to a steady value. The next day it went
through the same changes but the initial current was usus.lly higher
than on the preceding day. Sometimes the final activity was 200
times greater than that at first. Sheard thinks that the steady
state is due to ionization either from, the platinum alone or from the
products formed by the interaction of the platinum and the vapor giver
off by the hot salt. In the salted tube which he used the ionization
(whether positive or negative), in 40 minutes fell from an initial
maximum and reached a steady state. This steady state continued for
two hours or more; there was plenty of salt in the salted tube. In
the unsalted tube the initial maximum negative ciarrent was seven timet

1the ir.it ial positive current. Using the strip method, the decrease
in the positive ciorrent from the platinum is not due to a fatigue ef-
feet but to the decrease of ionizable matter in the platinum . It
seems reasonable to suppose that the same is true for the negative
current. In the case of the positive current, Garrett thinks that
the large initial current is due to the nature of the gas in the tube
and the subsequent smaller current is due to the heated salt.
Richardson'' 7 says that the effects of rising to a maximum and subse-
quent falling found by Garrett and Willows are probably given by un-
stable salts which we are unable to detect by chemical means. Schmidts
observation that the distilled salts do not five as good results as
the undistilled ones strengthens this view. It has been observed thai
the first value of the current is the sam.e as that due to the plati-
num alone and that the latter increase is due to the emission of ions
1 ^from the hot salt «
6 Effect of continued heating while the discharge is broken.
-
If the discharge was broken and the heating continued for a definite
time, on making the discharge a greatly increased current was obtained
by Willows and Picton. The increase in current became greater rapid-
ly as the time intervals were lengthened. It seemed as if the ions
accumulated around the cathode during the interval when the discharge
was broken but were not able to get free and when the discharge was
made vrere liberated thus increasing the current.
7 Results with, potential differences less than the saturation
voltage.- With voltages less than the saturation voltage (20 volts)
16 Wm. Wilson, Log. cit.
17 0. V/. Richardson, Phys
. Rev., Vol. XXXIV, p. 3^6, May, 1912.
1g 0. W. Richardson and F. 0. Brown, Phil. Mag., Vol. XVI, p, 553,
Sept. 190g.
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it was found that the ciirrent gradually increased until it reached
several times its initial value, and after this remained steady for
several days. There was no change in the ciirrent after the electrode
had stood cold over night. Using a platinum strip and a voltage less
than the saturation voltage the current did not vary m.uch over one
month. After this there was a slow increase. There was no increase
or decrease over night. With a voltage of 56 there was a rise to a
maximum, a fall, and a large increase over night.
^ Absorption of gases in the tube and the effect upon the cur-
rent of different gases.- Using carbon dioxide, air, and hydrogen an
admission of fresh gas to the tube caused a sudden fall in the current
no difference what the pressure or voltage was. After this fall theri
was a recovery which was more rapid when hydrogen was used*
In using a nickel strip the pressure remained constant for a few
days then it began to decrease. With a platinum strip there was a
slow evolution of gas for three months. An attempt to see if the gas
in the tube v;as being changed was made by sealing on an auxiliary tub(
with two electrodes and testing the potential difference across the
tei'Einals occasionally. A smell rise was found but this might have
been caused by the changing of the electrodes because of the ^s es-
caping from them. Most of the gas given off by the metals is probablj
hydrogen^ °. The carbon monoxide and carbon dioxide sometimes emitted
by the glass are uncharged^^. It has been suggested that the absorp-
tion of gases can be accounted for by the chemical combination v/ith
the glass^""
. Considering this fact, Jena glass is better than lead,
19 0. 1^'. Richardson, Phil. Mag., Vol. XVI, p. 74o, Nov., 190g.
20 C. J. Davisson, Phil. Mag., Vol. XXIII, p. 121, Jan., 1912.
21 Willows, Phil, h'&g., Vol. I, p. 303, June, 1 901 .
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and lead "better than soda glass, Knipp found that the gases which
were given off by the platinum at white heat were apparently not all
absorbed by the charcoal bulb in liquid air« Wehnelt was hindered in
his work at hifh temperatures by an increase of the pressure due to
the gases given off by the glass which was strongly heated by the
large current
.
9 Suggested chemical interactions and effects.- The different
results with nickel and platinum strips point to some kind of chemi-
cal action between the lime and the metal. V/illows and Picton meas-
ured the resistance of the strip every day for so^e time with a
Crompton potentiometer and did not find any change in the order of 1
to 1000. Sheard thinks that when the strip method is used the chemi-
cal action between the vapors of the salt and the platinum vitiate
the true ionization effects. There is evidence of this action in the
blackening of the electrodes. Hot aqua regia dissolves these films,
but cold aqua regia and other acids have but little effect upon them,
while they are readily removed with ammonia. The salts used by
Sheard were iodide and iodine. One author has suggested that the ions
perform a very fundamental part in chemical actions at high tempera-
tures.
10 Sensitiveness to vibrations and effect of standing over
night.- The emission of electrons from the Wehnelt cathode was at
first thought to be v/holly a temperature effect, but it has been showi
that there are other factors entering. Willows and Picton, using
calcium oxide as a salt, found that if the cathode remained cold over
night the initial and the final currents were both greater than on
the previous day. The current was very sensitive to mechanical vi-
brations, especially in the initial stages where a slight jar was
sufficient to send it from zero to its full value or from its full
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value back to zero, but they were unable to determine the conditions
upon which this sensitiveness depended. Richardson says that the
newness of the hot wire, previous exposure to a luminous discharge,
and the presence of the surrounding gases are the most important of
the conditions effecting the emission of electrons by the wire.
C Theory
1 Conditions effecting the emission of negative ions.- Since
the oxides of the electropositive metals when heated emit an excess
of nef-ative ions under various conditions, the most obvious source of
these ions is the metal itself. Horton's experiments^^ have shown
that this is not true as the current from the calcium metal is much
less than from the oxide. The source of the lime did not appear to
effect the result. The increase in activity noted by Willows and
Picton may, they think, be due to a diffusion of the calcium oxide
into the platinum. Horton25 thinks that the molecules of carbon
monoxide from the glass walls diffuse into the surface of the metal
and finally emerge ionized. When the pressure is low there is an
excess of negative ions from a hot platinum wire while at or near at-
mospheric pressure there is an excess of positive ions. This differ-
ence between the ionization at high and low pressures and the small
variations in the current for a oliange in pressure at low pressures
suggests that, at low pressure there are many ions emitted from the
wire itself and comparatively not so many formed by ionization of the
gas molecules. Thomson made experiments to determine whether the base
or acid was instrumental in producing the ionization, and from the
results concluded that the discharge is dependent upon the acid. The
22 F. Horton, Phil. Trans. Sec. A., 20?, p. 149, I907.
23 F. Horton, Proc. Gamb. Phil. Soc, Vol. XVI, p. S9, 1 91 1 .
I
ionization may be due to chemical action. Thomson'^^ thinks that the
results of some recent work which he has done in which a metal was
bombarded by cathode rays favor the view tliat helium and neon are
present in the metal before the bombardment and the action of the ca-
thode rays is only to liberate them. They are firmly held by the
metal and can not be got rid of by the heating alone. We may infer
that the same conditions would hold for the Wehnelt cathode. That
which causes the cathode beam to appear and go through various changes
may already be present in the metal. The heating of the lime on the
platinum and the difference of potential between the electrodes give
the electrons sufficient energy to escape. Thomson saye that we may
suppose the presence of helium and neon represents the abortive at-
tempt of ordinary metals to act like radio-active substances; in the
ordinary metals the helium and neon have not enough energy to escape
and need to be helped. Analagous to this we may think that the elec-
trons have not enough energy to escape from the lime and platinum
without the help of the heat and potential difference between the
electrodes.
2 Origin of the electrons.- An electron, in order to escape
from the atom to which it is bound must possess a certain amount of
kinetic energy^^
. a theory which explains how the electron may ob-
tain this energy is given by Thomson. To force an electron from the
atom v^ould evidently require an amount of energy equivalent to that
possessed by the electron which is equal to its having a velocity of
2x10° centimeters per second. It is difficult to see how a slowly
moving heavy atom could communicate this amount of energy to an elec-
24 J. J. Thomson, Science, Vol. XXXVII, p. 360, March 7, 191 3.
25 J. J. Thomson, Phil. Mag., Vol. XXIV, p. 209, Aug., 1912.
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tron. The atom might do it in this way. Suppose the electron were
moving in a state of steady motion round an electrical doublet AB
(^^^^^^ which has a mass like that of an atom. Now sup-
pose th .t the doublet is struck by an atom and
A
^
knocked into the position A'B' at right angles to
-'g AB. The electron will fly off with a velocity
equal to that with which it was revolving around the doublet. It
can easily be shov/n that the work required to turn the doublet from
the position AB to the position A'B* is equal to the energy with
which the electron flies off.
5 Action between the lime and metal.- In some cases it seems
as if the ions are not emitted by the salt itself but by the action
of the vapors of the salt upon the metal. Wilson thinks that the
platinum plays an important part in the production of positive ions
because v/hen aluminium phosphate was heated on a Nernst filament
there was only a little leak from the electroscope which he was us-
ing to test the ionization. One would suppose that the production of
negative ions is similar to that of positive ions. The view that
platinum plays an important part in the production of the ions might
be strengthened by the fact that Willows and Picton obtained differ-
ent results by using nickel and platinum strips. Wilson thinks that
the raetal is a necessary part to the production of the ions. Richard
son says it is possible that the ions arise from some impurity in the
salt. Horton'^^" thinks that it is difficult to see how this could be
true when the activity of the platinum which decays with time may be
restored by exposing it to a luminous discharge and heating in any
of the commoner gases. Experiments which have been made on the energy
26 F. Horton, Pro. Royal. Soc. of London, Vol. ^4, p. 433, 1910.
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emitted from hot bodies tend to oonf irm the views of Richardson^? ae
to the nature of these electrons. Garrett and Willows concluded that
the raetal is a necessary part to the changes causing the ionization.
Sheard examined the effects obtained when the salt was not in contact
with the raetal. There was an ionization of the salt vapor and an
emission of ions from the salt, so that the ionization was partly of
the vapor. He shows by curves plotted from data obtained experiment-
ally that there can be an ionization in the unsalted tube when only
uncharged matter enters it. The fact that the ionization in the un-
salted tube B may be greater than that in the salted tube A may show
that it arises from a substance which forms slowly and hence be more
abundant in B than A. Wehnelt says that above 1 millimeter pressure
the ionization takes place by ionic impact. The emission of electrons
with calcium oxide, barium oxide, and strontium oxide on the platinum
is much stronger than with other limes, therefore we would naturally
conclude that they contain more electrons per unit volume than the
platinum. Richardson has calculated the number in a unit volune and
has found the same number for platinum as for these oxides. Then it
may be concluded that the electrons proceed from the platinum and
that the action of the salt is to reduce the amount of energy requirec
to set them free or to increase the amount of energy they possess*
4 Ionization.- Tho emission of electrons from hot metals is ex-
plained on the assumption that the electrons, which by the electron
theory of metallic conduction move freely inside the atom, acquire
sufficient additional energy under the conditions of the hot lime ca-
thode to enable them to overcome the force holding them and escape.
The loss of energy by the metal because of the escape of the electrons
27 H. L. Cooke and 0. B. Richardson, Phil. Mag., Vol. XXV, p. 624,
April, 1913.

io coraposod of two parts; that due to the thermal kinetic energy of
the escaping electrons; and that due to the work function which is
equal to the difference between the value of the potential er^rgy of
the electron outside of the metal and that inside it, plus the kin-
etic energy of the electrons just before they entered the metal
If there is a discontinuity of potential at the surface of the metal
<Thich hinders the electrons from escaping the heating of the metal
will give the electrons sufficient additional energy to enable them
to overcome this potential and escape.
The electrons inside a gas atom are attracted or repelled by the
cathode rays as they pass through the atom29. They may acquire suf-
ficient energy to enable them to escape from the atom, then tlBre is
ionization, and they may acquire almost enough to enable them to es-
cape which will result in a disturbance of the stability of the mole-
cule •
Thomson^^ suggests that ionization takes place in the tube in tw(
ways. First, the ionizing agents are rapidly moving electrons which
penetrate into the atom and strike the electrons inside it. Under
favorable circumstances this collision causes the electron struck to
escape. Second, an atom is struck by a rapidly ipoving atom. The
struck
electrons inside the atom/ido not at first share the velocity with
which the atom starts off. This results in the electrons being left
behind and produces the same ionizing effect as if the atom remained
at rest and the electrons were moving with a velocity equal to that
acquired by the atom.
2g 0. W. Richardson and H. L. Cooke, Phil. Mag., Vol. XX, p. 1 73 ,
July, 1910.
29 E. Jacot, Phil. Mag., Vol. XXV, p. 215, February, 191 3.
50 J. J. Thomson, Phil. Mag., Vol. XXIV, p. 66^, October, 1912.
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D Conclusion
VariouB experimental results seem to show that some of the best
materials to use for limes on the hot cathode are calcium oxide,
barium oxide, and strontium oxide. Sheard obtained satisfactory re-
sults using the tube method with cadmium iodide, and iodine as salts.
Willows and Picton have found with calcium oxide on a narrow strip
of platinum and voltages greater than the saturation voltage that the
discharre, which was irregular at first, did not show fatigue but in-
creased. In flames there was a rise and fall and then a steady state
They found the saturation voltage at low pressures to be 20 volts, if
the voltage was made greater there was no greater current from the
cathode than before. The discharge of electrons from the hot Hme
cathode seems at low pressures, 1 millirreter and less (however not
including that obtained with a charcoal bulb and liquid air) to be
independent of the pressure. The negative current is very sensitive
to the temperature which at first was thought to be the only factor
of any importance affecting the behavior of the Wehnelt cathode.
Different gases in the tubes affect the electrons slightly. It has
been found that the Bank of England wax is very satisfactory in mny
respects as a salt on the hot cathode. Its use, however, until re-
cently was confined to the Cavendish laboratory, Cambridge England.
It was soon observed that its activity with time is quite different
than that found by V/illows and Picton for calcium oxide. The wax
gives a distinct beam for some time^ then its activity dies away
and the old salt must be renewed.
Ill EXPERIlffiNTAL
A Object
The object of the present investigation was to study the changes
in the negative current from the Wehnelt cathode under various
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conditions with Bank of England sealing wax as the salt farming
the hot lime.
B Apparatus
A sketch of the apparatus used is shown in Fig. 3. MN is a two
liter spherical flask. A small glass tube was sealed on at B as
shown, and through this tube was placed another containing an alumin-
ium rod which Imd a disc Gj_ on the inner end. To the glass tube J
were connected the charcoal bulb, £, and a tube, with a glass valve
V, leading to the pump T' and the gauge 0. A side tube L, and a bulb
S' containing phosphorous pentoxide were also attached as shown. The
tube I contained two heavy copper wires D and E_|_ which conducted the
heating current to and away from the cathode, C. Four tin resist-
ances in parallel with a small strip of tin in series formed a convon
lent means of regulating the heating current. This circuit included
a sensitive Siemens and Halske ammeter having a maximum reading of
7.5 ampereB. Around the inner end of J was placed an aluminium col-
lar, A, which served as the anode. At 1_, 2, ^, 4, and ^ were red wax
joints. The cathode C was connected through the double pole double
throw switch K to the negative of a high potential battery. The
positive of the battery was connected through a water resistance U to
the earth and through the switch K to the anode A. The galvanometer
was connected through a reversing key to the aluminium disc Gj_ and
to the positive of the battery at the point F where connection was
made to earth and to the anode. An induction coil, used occasionally
to start the discharge through the tube, was connected to the switch
K at X and W. From the points A' and B* , which were connected to the
positive and negative poles of the battery, wires lead to a Kelvin
and White electrostatic voltmeter. This arrangement allowed the vol-
tage to be easily read both on open and on closed circuit. In Fig. 4





a, b, o, and d are shown the details of the cathode ae mounted?^
Fig. 4, b is a horizontal croee- sect ion A and B are the copper wires
leading to the platinum strip C, which latter is cut and bent twice
at right angles as shown in c and d respectively. L is the spot of
lime, M and M' are insulating mica strips, and D is a brass clamp
holding the whole together rigidly.
C Method
A Nalder and D*Arsonval galvanometer with a period of nearly
22 seconds, a resistance of 792 ohms, and a figure of merit of
.92S5 X 10"*^ ampere was used. When the cathode beam started the
electrons fell upon the disc G' , located opposite and about 4 milli-
meters from the cathode, and the resulting current due to these elec-
trons was indicated by the galvanometer. Readings were usually taken
every five minutes. The deflections of the galvanometer were read
both to right and left thus eliminating any error due to the shifting
of the zero. The deflection in one direction was taken one minute
before and in the other one minute after the given time. During
this interval of two minutes the pressure, discharge voltage, and
heating current readings were taken. The heating current was kept
strictly constant. The pressure while making the run was also kept
practically constant by occasional pumping.
A narrow strip of platinum was xtut in the shape shown in Fig. 4c
bent into the form indicated in Fig. 4d, and then placed between the
copper wires as shown in Figs. 4a and b. After making sure that this
platinum strip w^s insulated a very small piece of red wax was placed
on the platinum. The wires D and E* were connected to the heating
circuit and the current made. The current was gradually increased
until the disc of lime became white. The cells were then disoonnectet
31 C. T. Knipp, Phys. Rev., Vol, XXXIV, p. 215, March, 1912.
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and the tube carrying the cathode was placed in position, the joint
4 being sealed with red wax. The apparatus was evacuated until the
pressure was .015 milli^^eter of mercury or less. On several occa-
sions presDures as low as .003 or .004 millimeter were used. A few
times it was as high as .04 or .05 millimeter. Usually before start-
ing the discharge the apparatus was allowed to stand over night so
that the phosphorus pentoxide would absorb all the moisture.
After first setting up and evacuating the apparatus there seemed
to be a alight leak. Thomson*s method was employed to find this leak.
It consists, briefly, in passing the free terminal from the secondary
of the induction coil (the other terminal being attached to one of
the electrodes) over the surface of the discharge tube until a dis-
tinct discharge is obtained through the tube. At this point there is
a leak.
The current required to heat the platinum strip in a vacuum is
not so large as when it is at atmospheric pressure, hence the heating
current should be made v/ith a value at first too small. The resist-
ance was cut out until the temperature of the platinum was that cor-
responding to a light cherry red. No attempt was made to determine
the temperature by means of a t hermo- junction other than to keep it
constant. In fact since it was necessary to renew the lime frequent-
ly and also put in a new platinum strip from time to time a reliable
thermo- junction connection was nearly impossible. The discharge cir-
cuit was closed, the time noted and the galvanometer was watched for
the current to start. The galvanometer deflections were taken two
and four minutes after the current started. V/hen a lime is used for
the first time the discharge does not start immediately but only
after from ten to thirty minutes if conditions are favorable. An in-
duction coil may be used to start the discharge, but this complicates
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matters as there seems to be a gradual rise due to the ionization
caused by the induction coil and its effect upon the electrons from
the line. The induction coil was run from one to two minutes during
which time the discharge battery was thrown off. These distiorbing
effects soon disappear and it is some time before the rise due to th©
cathode beam becomes apparent. The cathode ciarrent may also be start
ed more quickly by making the heating current larger for a short time
however if this is done the increase to a maximum and the maximum it-
self are not shown, - only the part of the cui've due to the decay
is obtained. The curves in Fig. 6 show this effect. For curve 1
the final constant heating current was 3.^ amperes, the discharge
voltage approximately 350 volts. In curve 2, the heating current was
raised to 5.9 amperes and the voltage was 290. In curve 3, the heat-
ing current was 5.9 amperes, the voltage 230. The pressure varied
from .01 to .025 millimeter; for these curves the pump was not run
while taking readings, therefore the pressure increased due to the
gases given off by the hot lime and platinum and by the aluminium
disc where it was struck by the rays. The discharge was visible.
There is good reason to believe that the first parts of these curves
are not true ones for the heat finally used because if the platinum
is made hot and then cooler, a short time is required for the effects
of the higher heat to disappear provided at the lower temperature a
current is still obtained. It is as if many of the electrons were
given enough energy to escape by the higher temperature and they do
not immediately lose this when the heat is slightly lowered.
The effect of changes in the heating is shown by curve 1, Fig. 7
From 40 minutes to 110 minutes after starting the run the heating cur
rent was very unsteady. A very small change in the heating current,
in fact one which the eye could scarcely detect on the ammeter where
4#
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two scale diviGions read 1/10 of an ampere, produced quite an appre-
ciable effect upon the galvanometer deflections. The galvanometer
vras shunted with from .1 to 500 ohms resistance, from 5 to 100 were
the values most used. It was found that ^00 ohms made the galvanome-
ter so sensitive that jarring of the building affected the results.
A change of l/20 of an ampere in the heating current will make a
great difference in the deflections. After two hours the heating
current became fairly steady and a smooth curve, from A to B, was ob-
tained. The cathode was allov/ed to stand cold for two days. On
heating to the same temperature and starting the discharge again the
oixrrent rose to a maximum value in an hour and then remained compara-
tively steady, falling off slightly, for the remainder of the run
(2^0 minutes). The steady current value shown in curve 2, Fig. 7,
was very little smaller than the maximum, which was much smaller than
the steady value for the preceding run. After five days another run
was made with the same platinum strip and lime heated to the same
temperature which gave a maximum less than the steady value for the
second run. The curve 3, Fig. 7 , shows the same general character-
istics as the second one. The discharge voltage in the case of these
three curves was approximately 400 volts, the heating current was
kept constant at 4.63 amperes, the pressure varied from .005 to .016
millimeter. For the last two curves the heating current v/as steady.
Usually the heating current showed a slight tendency to fall off
sometimes it was very steady, and occasionally it fluctuated a great
deal. Fewer resistances in parallel were used at first and the tin
strip in series with these was not usod. It was found that the
clamps might be resting on a nail head and might not fit tight enough
to prevent the jarring of the floor from changing the contact enough
to cause an appreciable change in the current. Later when a more
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eensitive arrangement of resiBtance vras employed, it was found that
the storage cells sometimes varied slightly. Some of the large
fluctuations such as those shown in curve 1 , Fig. 7 were caused by
other currents being drawn from the battery. Later a battery was re-
served but the slight changes still persisted. If a new set of bat-
teries which were more constant could be used this error would be
eliminated, however when a run was being made the circuit could not
be broken for even a short time if consistent results were to be ob-
tained .
It seems that the hot cathode is very sensitive to changes in
temperatures, a small rise will give much more energy to the elec-
trons and enable many more of them to escape in a given time while a
small decrease will produce just the opposite effect, the response
being almost immediate.
D Results
1 Variation of activity with time.- The activity of the red
wax seems to decay with time. This is shown by curves 1, 2, and 3»
Fig- 7; 1 and 2, Fig. 1 and 2, Fig. 9; 1, 2, and 3, Fig. 10; 2, 5
and 4, Fig. 11; and 1, 2, and 3, Fig. 12. Curves 2 and 3 of Fig. 11
are 2 and 3 of 10 plotted on a larger scale. Except in one case,
curve 4, Figf 11, the maximum value of the current dioring any given
run after the lime had been cold from 1 to 4 days was less than the
steady value of the current for the preceding run, and in this case
the two values were very nearly the same. Apparently when the lime
is allowed to become cold it is not able to regain the activity which
it had at the end of the previous run. It seems that not so many of
the electrons are able to acquire the amount of energy as previously.
2 Relation between the maxima.- The relation between the maxim,
and the number of hours between them is shown by curve 1, Fig. 13.
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Curve 2
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Evidently these maxima decrease very rapidly at first then more
gradually.
It is difficult to adjust the heating current to a value that
will give an emission of electrons, when the lime is used for the
first time, which rises to a maximum in about an hour, falls very
slowly for a short time and then becomes steady, giving a curve simi-
represent
lar to curves 2 and 3 in Fig. 7 which a the second and third runs
for that lime. The number of electrons emitted shown in curves 1,
Figs, 9, and 10 seems to rise suddenly to a very high maximum and
theri as suddenly fall to a much lower steady value. In the instances
represented by curves 1, Figs, g and 9 the current rose to a mximiim
soon after starting, but for curve 1, Fig. 10 it rose after a long
interval of steady activity. The curves shown in Fig. 12 were ob-
tained by increasing the temperature of the platinum used for the
curves in Figs. 10 and 11 from that obtained by a heating current of
amperes to 3.92 amperes. It seems that the lime after being usei
,
at one heat for three or four runs does not give as consistent result)
on further heating, - it seems to have reached an unsteady state.
After the current has once reached a steady state it does not rise to
a very high maximum after standing. It starts much more easily after
once being heated and rises to a maximum more quickly, suggesting tha^
the electrons are in a state more favorable to emission. To explain
the sudden and very high maximum one would think that most of the
electrons which may possibly be emitted under these conditions ac-
quired sufficient energy to escap© almost simultaneously. Perhaps
there may be a kind of critical temperature for which, under given
conditions, the emission will rise with medium speed, attain a maxi-
mum, and then slowly fall to a steady value not much below the maximur
If the temperature of the lime is below or above this the sudden rise
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and fall are obtained. The absolute value of the heating current
varied with the width of the platinum atrip.
The beam was not visible near the end of curve 1, Fig. ^, and
not at all for curve 2. It was visible for curve 1, Fig. 9, for two
hours; for curves 1, 2 and 3, Fig. 10, from A, B, and C on; for curve
4, Fig. 11, from D on; and for the curves in Fig. 12 except at the
very beginning,
3 Effect of breaking the discharge voltage while the heating
is continued.- When the discharge voltage was cut off while the '
heating continued the current obtained on sending the discharge
through again was smaller than it was just before the discharge was
broken, as is shown by curve 1, Fig. 15, and curve 1, Fig. 17. The
behavior of the lime seems to be much the same as if it had been al-
lowed to stand in the cold, except that the effect is not so pr^ 0-
nounced, the energy of the ions is kept up to a certain point by the
heat, even though the discharge is broken. This shows that the de-
crease in activity for short intervals of no discharge is slight yet
definite if the lime is kept hot.
This result does not agree with that of Willows and Picton who
observed, for the salts that they used, a decided increase in activi-
ty under the same conditions.
The two curves (2 and 3) of Fig. 16 show a slight tendency in
this direction. It is hardly likely, however, that the slight accu-
mulation of ions indicated by these curves is in any way typical of
the behavior of the red wax since the heating current required con-
tinual adjusting to keep it constant and an error too small to be reac
on the ammeter might very easily cause variations greater than the ef-
feet recorded.
4 Saturation voltage.- Usually about 400 volts was used for





TABLE IV
Curve i
Tine Current Time Cui'rent Time Current
in thi'ough in tlii'ough in through
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166 .000023 "
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the diSGlmrge. The relation heUieen the voltage and the current was
studied by starting with a discharge of 40 volts and taking readings
with this uritil the current became steady, breaking the discharge,
putting on about ^0 volts, leaving this on 10 minutes and reading the
deflection, breaking the discharge, putting on 40 more volts and re-
peating the above. This process was continued until the discharge was
420 volts. More than 420 volts was put on but at the higher voltages
other factors enter, as that which causes the blue glow seen in the
tube in a dark room when the voltage is gOO to 1000 volts. The blue
glow began to appear around the copper wires when the voltage was 466
volts on closed and 50? volts on open circuit. The curve in Fig. 1
shows the results obtained. Evidently there is saturation at 200 volta
E Miscellaneous
The heating current seemed to be more constant and the beam gave
more consistent deflections when everything was quiet. The aluminium
plate was blackened by the cathode rays. There seemed to be a clear-
ing up of the glass of the tube around the anode soon after the first
beam passed.
The bank of England wax has been analyzed, and its principal
constituents have been found to be calcium sulphate (gypsum), barium
sulphate (heavy spar), mercuric sulphide (cinnabar), ahd shellac.
V CONCLUSION
In conclusion it may be stated that from the results obtained it
is evident that there is a falling off in the activity of the red wax
vith time and that, if the maximum is reached, most of the electrons
ire emitted during the first run. When the discharge is broken while
he heating is continued there is a slight falling off in the negative
urrent. These two results are exactly opposite to those obtained by



TABLE V
Discharge
Voltage
Current
through
Cialvanone-
; ei' in Amp.
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Voltage
Current
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36.
g
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75.5 .210 " 239 .3SO " 3^g .3Sg "
117.6 .306 27s
.371 423.5 .403 "
.362 .372
Heating Current Constant, 5 amperes.
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Willows and Picton using calcium oxide on a platinum strip. Sheard
found that the activity for cadmium iodide and iodine, with the tube
method, decreased during any given run even though there was plenty
of salt left in tlie tube. The saturation voltage is 200 volte. Much
better and more reliable results are obtained if one can work when
everything is quiet. There is a falling off in the maxima for suc-
cessive I'lXE, end the steady current for any given run is usually mucl
smaller thrn that for the preceding run with the same lime. There is
quite an appreciable current even though the beam is not visible.
In conclusion the writer takes pleasure in thanking Professor
A. P. Carman for the facilities of the department and Dr. C. T. Knipp
for suggesting the problem and assistance in carrying out the details
of this investigation.
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